The long-term relaxation and build-up transient of photoconductivily has been observed in Sic,Ge,/Si quantum wells.
rotroductiou
Considerable experimental and theoretical effort has been directed towards the understanding of the long-term relaxation and build-up transient of photoconductivity, which has been observed in a variety of semiconductors [I] . The long-term relaxation of photoconductivity has been used to study the critical phenomena of transport properties in disordered systems [Z] . It is also useful for adjusting the density of a two-dimensional electron gas at a semiconductor interface [3], and can be utilized as a non-desiructive method to probe the profile of the impurities in semiconductors [4]. For device applications, it is very detrimental to the operation of modulation-doped field-effect transistors at low temperatures 151. Several models have been proposed to explain the origin of the long-term relaxation of photoconductivity. Jiang and Lin suggested that the long-term relaxation and build-up m s i e n t of photoconductivity in U-VI mixed crystals are caused by the separation of photoexcited caniers by random local-potential fluctuations (RLPF) [21. Queisser and Thecdorou have demonstrated for well defined samples that the spatial separation of photogenerated electrons and holes by a built-in electric field from the macroscopic potential barrier due to band bending at the surface or interfaces leads to long-term relaxation of photoconductivity [5-8]. For layered sbuctures of compound semiconductors, this model predicts an essentially logarithmic photoconductivity decay in time, which is consistent with their experimental observations. The other dominant mechanism involves photoexcitation of electrons from deep level traps which undergo a large lattice relaxation, namely DX centres [9, IO]. In this model, the presence of the long-term relaxation of photoconductivity is because the recapture of electrons by DX centres is prevented by a thermal barrier at low temperatures.
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Sil-,Ge,/Si quantum wells have received increasing attention recently because of their potential applications in silicon-based high-speed electronic circuits as well as in new optoelectronic devices. However, the material of the well regions, Sil-,Ge,, belongs to the group of substitutional semiconductor alloys. One of the most important aspects of substitutional semiconductor alloys is the nature of the alloy potential fluctuations that arise from local fluctuations in composition, and hence in the potential energy of the carriers. It has been shown that the alloy potential fluctuations can greatly change the electronic and optical properties of a material: such fluctuations can influence the carrier mobility [ 111, the profiles of photoluminescence [12] and Raman scattering [13], and the localization of excitons [14] . The occurrence of compositional fluctuations in Sil-,Ge, alloys has been recognized for a long time [15] . However, studies of the effects of the compositional fluctuations on the electronic and optical properties of Sij,Ge, epilayered structures have been rather limited. One of the reasons may be due to the fact that SVSiGe interface is smeared by Ge surface segregation during growth. Thus, the well resolved band-edge luminescence and the shift of emission with varying well width in Sil-,Ge,/Si quantum wells were only recently reported [16] . used the concept of compositional fluctuations to explain the existence of the long decay component in their time-resolved photoluminescence spectra of Sil-,Ge,/Si quantum wells. We also used the same mechanism to interpret the anomalous temperature dependence and pumpingpower dependence of the photoluminescence spectra [I81 in Sil,Ge,/Si quantum wells. In this paper, we report the observation of the long-term relaxation and build-up transient of photoconductivity in Sil,Ge,/Si quantum wells. All the results suggest that alloy potential fluctuations induced by compositional fluctuations are responsible for the longterm relaxation and build-up transient of photoconductivity observed here.
Experiment
Si,-,Ge,/Si strained-layer multiple quantum wells were grown on three-inch diameter (001) Si substrates at 550°C using a home-made hot-wall multi-wafer ultrahigh-vacuum chemical vapour deposition system. The construction and operation of our system is similar to that which has been reported elsewhere [19] . Prior to growth, the substrate was subjected to a HzS04 : Hz02 = 3 : 1 clean and a 10% HF dip. The gas sources for Si and Ge were SiH4 and G e b . respectively. The base pressure of the system was maintained at about 2 x 10-8Torr in the growth chamber. During growth, the system was operated at about 1.0mTorr. The growth was initiated by depositing a thin Si film of lOnm thickness. The multiple quantum wells consisted of a total of 20 periods of Si/Sil-,Ge, layers and a top Si cap layer of about 96nm. A 10s growth interruption was employed after each Sil-,Ge, layer growth while no interruption was used after each Si layer growth. The reason for employing the growth interruption is that the growth rate of Sil-,Ge, is much higher than that of the Si layer. For Ge atomic mole fraction x of Sil-,Ge, in SVSiGe strained multiple quantum wells at about 0.16, the growth rates of Si layers and Sil-,Ge, layers were about 0.8 nm min-I and 5 nm min-I, respectively.
High-resolution double-crystal x-ray diffraction was used to determine the structural quality of these multiple quantum wells. X-ray rocking curves were obtained by using a Philips DCD-3 double-crystal diffractometer. The system was operated in the parallel (+. -) diffraction geometry using CuK, radiation. A GaAs single crystal with (004) symmetric reflection was used for the first reflection. A dynamical x-ray simulation program was used to aid the determination of the perfection, interfacial abruptness, layer thickness and Ge composition of these multiple quantum wells. Cross sectional transmission electron microscopy was performed to examine the crystal quality and interfacial abruptness. The crystalline quality of these samples was further checked by high-resolution transmission electron microscopy. Details of the growth technique used and the results of the structural characterization will be published separately [ZO].
The sample used in the photoconductivity measurements was a Si0,86G@.14/Si multiple quantum well, with a well width of ZOO.&. The same sample has been characterized by photoluminescence measurements, as detailed in a previous report [21]. Theobtained energy gap of the quantum well was about 1.03 eV. The ohmic contacts for the lateral conduction measurement were formed on the sample surface by aluminium alloying, which was done by evaporation and then annealing at 300°C for about 30min. The dark-room temperature resistance of the sample was about 0.14 x lo6 Q. The sample was attached to a copper sample holder and placed inside a closed-cycle He refrigerator, with care taken to ensure good thermal contact yet electrical isolation. The data at each temperature were taken in such a way that the system was always warmed to room temperature after a measurement and allowed to relax to equilibrium, then cooled down in darkness to the desired temperature of measurements. This was to ensure that the data obtained for each temperature had the same initial condition. In most measurements in this report, a HeNe laser was used as the pumping source, along with a neutral-density filter for obtaining an appropriate photon intensity. A bias of 2.0V was supplied and the conductivity was measured by a Keithley 236 source measure unit. To confirm that o w observed phenomena are not due to the effect of the spatial separation of the electrons and holes created in the Si barrier layer, a pumping source coming from a tungsten lamp dispersed by a monochromator was used and its photon energy was set at the region between the energy gaps of the Si barrier and SiGe well layers.
Results and discussion

Photoconductivity build-up transient measurements
A typical example of the dependence of the photoconductivity build-up level on illumination time, with the excitation photon intensity fixed, is shown in figure 1. Figure 2 shows the plot of photoconductivity build-up transients obtained for Si,-,Ge,/Si quantum wells at five different temperatures. The PPC build-up transient curves are normalized by the saturation level I-. The dark current has been subtracted.
A striking feature is that the initial transients show a parabolic dependence on illumination time t at low temperatures (T < 40K). As temperature increases above 40K, the initial transients increase linearly with increasing illumination time. This result is a consequence of the localized-to-delocalized transition caused by the alloy potential fluctuations (APF) in Sit-,Ge, epilayers, as will be shown below.
According to the analysis in [22], the photoconductivity build-up kinetics can be easily formulated by
where n is the concentration of photogenerated carriers in the conduction band. g is the carrier generation rate and (Y is the carrier decay rate. From (l), we obtain n ( t ) = g/a(l -e*').
If we assume that the carrier mobility does not depend on carrier concentration n, we then where I-represents the photoconductivity saturation level. When the sample temperature is high enough, i.e. T > 40 K in our case, most of the elecbons are above the band edge. In thii region, we can consider the carrier mobility to be independent of carrier concentration n as in the above assumption. Figure 3 shows a representative plot of -In(l -I(t)/I,-) against time at 50 K. The good linear behaviour of the plot demonstrates that the build-up transient is well described by (3). However, when the temperature decreases to below 40K, the band-edge tail states induced by AFT can be used to localize the photoexcited carriers. Thus, the carrier mobility is no longer independent of carrier concentration, and (3) fails to describe the experimental observation. According to the Kubd3reenwood formula, if we assume that the distribution of the band tail states is exponential in energy, we can obtain [22]
For small illumination times, in (4) Z(t) has a parabolic time dependence, which is consistent with our experimental results for T < 40K. In figure 2, the full curves are fitted using equation (4) with a constant value of carrier decay rate 01 5 . 0~ s-' for T < 40 K. It reveals that a does not depend on temperature in this temperature region. This result can be explained by the fact that the generated electrons and holes are confined in the localized tail states, and they are spatially separated in real space. Thus the electrons and holes recombine through the process of quantum tunneling, which does not depend on temperature. For T > 40 K, the build-up level achieves the maximum value I,, more quickly at higher temperatures, and (Y tends to increase with increasing temperature for T > 40 K. This can be interpreted by the fact that the probability for thermal activation of the localized carriers to overcome the barrier energy caused by APF in Sil-,Gex alloys increases with increasing temperature, in the high-temperature region.
In the derivation of (4) we assume that the distribution of the band-tail states caused by APF is exponential in energy. It has been shown that this is the only distribution that can lead to (4) 1231. Thus the exponential tail of states in Sil-,Ge, alloys is confirmed.
Our results, obtained for Sil-,Ge,, are similar to the distribution of the exponential tail of states caused by different disordered systems, such as doped semiconductors, amorphous semiconductors and U-VI alloys. The result may therefore indicate that the exponential tail of states is independent of the origin of the disorder.
Photoconductivity decay measurements
Photoconductivity decay curves for different temperatures are shown in figure 5 . The photoconductivity curves are normalized to unity at t = 0, the moment when the excitation light is terminated. The dark current has been subtracted. The decay of photoconductivity in Sil-,Ge,/Si can be approximated by a stretched-exponential function, a behaviour frequently observed in disordered systems 124,251
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where r is the decay time constant and , 9 is the decay exponent. This is demonstrated in figure 6 by a plot of lnIln Ipc(0) -In Ipc(t)] as a function of In@) for photoconductivity decay curves obtained at different temperatures. It is clear that linear behaviour is observed. The origin of the stretched-exponential relaxation can be understood by the fact that the rate constant U in the decay rate equation is time dependent, i.e.
dA/dt = -v(t)A.
(6)
Equation (6) describes the rate of decay for small departures A from equilibrium. A single-valued rate constant U will yield the conventional Debye relaxation. Many previous investigations [2&28] showed that if the density of states is exponentially distributed in energy, such as the band-tail states in disordered semiconductors, the rate constant U exhibits a power-law time dependence. Inserting a power-law time dependence for v into (6) and integrating immediately yields a stretched-exponential function. Thus, stretched-exponential decay reveals similarities between the present system and disordered systems, and implies that the microscopic random potential fluctuations are the origin of the observed long-term relaxation of the photoconductivity effect. From figure 6 we can obtain the stretchedexponential parameters r and , 9 for different temperatures. The value of ,9 is insensitive to the change in temperature. Figure 7 demonstrates the plot of In r against I / T , which shows two distinct temperature regions. The photoconductivity relaxation rate increases in the hightemperature region, and is constant in the low-temperature region. This behavior is similar to that of the carrier decay rate obtained from photoconductivity build-up measurements.
Previously, the long-term photoconductivity relaxation was observed in layered structures of 111-v compound semiconductors 129,301. The long-term photoconductivity was attributed to the separation of photogenerated electrons and holes by built-in electric fields from the macroscopic barrier due to band bending at surfaces or interfaces. It i s Semilogarithmic plot of the decay time possible that our measured long-term relaxation of photoconductivity may also have the same origin. However, this model predicts a logarithmic photoconductivity decay in time, which is inconsistent with our results. Furthermore, we have set the wavelength of the pumping source such that its photon energy is between the energy gaps of the Si barrier layer and the Si,-,Ge, well layer. For this wavelength, the photoexcited electrons and holes can only be created in the well region. Under this condition, the long-term relaxation and the build-up photoconductivity transients can still be observed. Thus, the spatial separation of photoexcited electrons and holes due to a macroscopic barrier can be ruled out in the interpretation of our observed long-term photoconductivity relaxation.
Conclusions
The long-term build-up and decay of photoconductivity have been investigated in Si&3eX/Si quantum wells. From an analysis of the kinetics of the photoconductivity measurements, we have shown that the carrier transport properties are strongly influenced by tail states caused by alloy disorder in Sil-,Ge, epilayers. The distribution of the tail states has been obtained from the photoconductivity build-up measurements and is confirmed to be exponential in energy. The photoconductivity decay profile follows stretched-exponential relaxation, which is commonly observed in disordered systems. The experimental results obtained here, together with previous results obtained from photoluminescence spectra, suggest that the alloy potential fluctuations induced by the compositional fluctuations are very important for the investigation of physical properties and device applications in Sil-,Cie,/Si quantum wells.
